Sarecycline is a novel, narrow-spectrum, once-daily tetracycline-derived oral antibiotic that is FDAapproved in the US to be taken with or without food for moderate-to-severe acne vulgaris for ages 9 years of age and older. Sarecycline possesses anti-inflammatory properties and potent activity against Gram-positive bacteria, including activity against multiple strains of Cutibacterium acnes, while exhibiting minimal activity against enteric aerobic Gram-negative bacteria. Unlike many acne studies, sarecycline was investigated for chest and back acne. Significant reduction in inflammatory lesions was seen at week 12 at 1.5 mg/kg/day of sarecycline, with statistically significant improvement seen as early as week 3. No reports of phototoxicity, dizziness, pseudotumor cerebri or lupus but 1.2% nausea and 1.2% vaginal candidiasis was reported in the pivotal Phase III studies.
approved in the US in 1967 as a broad-spectrum antibiotic, while minocycline was FDA approved in 1971 with a variety of indications. Sarecycline is an oral aminomethylcycline with a stable modification at C7-0 [16] that was FDA approved in 2018 specifically for acne.
Tetracyclines bind the 30s subunit of bacterial ribosome, thus inhibiting protein synthesis of bacteria but do not affect human cells. Due to their improved bioavailability and lipophilicity, doxycycline and minocycline have been more widely used than tetracycline for acne treatment. Tetracyclines also have anti-inflammatory effects [10] . Even at subantimicrobial doses, tetracyclines reduce inflammation via anti-collagenolytic, antimatrix-degrading metalloproteinase, and cytokine down-regulating properties [5, [17] [18] [19] With the surge of tetracycline-resistant organisms [8] , concerns about overuse of antibiotics in the tetracycline family, especially with negative impact on the gut microbiota, have surfaced. Zhanel et al. describes the microbiological profile of sarecycline against clinical isolates of C. acnes compared with doxycycline, tetracycline and minocycline [20] . Sarecycline demonstrated comparable efficacy against C. acnes as well as macrolide resistant organisms, methicillin-susceptible and resistant isolates as well as Staphylococcus epidermidis. However, sarecycline was found to have four-to eight-fold less activity against bacteria that are part of the normal human microbiota. These Gram-positive anerobic bacteria included isolates of Bifidobacterium bifidum, Brevibacillus brevi, Bifidobacterium infantis, Bifidobacterium longum, Clostridium perfringens, Clostridium difficile, Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus plantarum, Peptostreptococcus anaerobius, Peptostreptococcus micros, C. acnes, Streptococcus constellatus and Streptococcus intermedius. Against Gram-negative anaerobes that are part of the normal human microbiota, sarecycline was again the least active of agents against Enterobacteriaceae, Enterococcus faceium and Klebsiella pneumonia, with minimum inhibitory concentration of 32, 32 and >64 μg, respectively. The study supports narrow spectrum antibacterial activity of sarecycline [20] .
Because they bind with food and also easily with magnesium, aluminum, iron and calcium, which reduces their ability to be completely absorbed by the body, short-acting tetracyclines need to be taken with a full glass of water, either 2 h after eating or 2 h before eating and not temporally when taking dairy products, antacids and preparations containing iron. Because of Phase I study results, sarecycline is FDA-approved to be taken once daily with or without food at 1.5 mg/kg/day and comes in three dosages -60, 100 and 150 mg.
Tetracycline, doxycycline and minocycline cross the blood-brain barrier, which may explain the potential side effects of pseudotumor cerebri, headaches and dizziness. Sarecycline is less likely to cross the blood-brain barrier [21, 22] .
Clinical studies
14 Phase I pharmacokinetics and safety studies were performed on 378 patients with moderate-to-severe acne vulgaris exposed to sarecycline, with and without food (tablets and capsules). Because no difference in bioavailability was observed when taken with food, sarecycline has FDA approval to be taken with or without food, without any warnings to avoid food, iron, antacids or calcium supplements, unlike other antibiotics in the tetracycline family. Similarly, no phototoxicity was observed with sarecycline in Phase I studies [23] .
In a Phase II multicenter, double-blind, placebo-controlled, dose-response study (PR-10411) over 12 weeks, Leyden et al. enrolled 285 subjects ranging from ages 12 to 45 years with moderate-to-severe acne vulgaris [24] . Patients were then randomized to once daily sarecycline at 0.75, 1.5, 3.0 mg/kg or placebo (1:1:1:1 ratio) treatment for 12 weeks. Inflammatory and noninflammatory lesion counts were performed at baseline, and again at weeks 1, 2, 4, 8 and 12. Safety monitoring included serum laboratory monitoring, vital signs, electrocardiograms and physical examinations. After 12 weeks of treatment, it was noted that sarecycline at doses of 1.5 and 3.0 mg/kg demonstrated significantly reduced inflammatory lesions from baseline (52.7 and 51.8%, respectively) versus the placebo group (38.3%; p = 0.02 and p = 0.03, respectively), revealing antimicrobial as well as anti-inflammatory effects of sarecycline (data on file, Allergan plc, Dublin, Ireland). However, sarecycline 3.0 mg/kg did not result in increased efficacy compared with the 1.5 mg/kg dosage. Overall, sarecycline was well tolerated across all treatment groups. Gastrointestinal adverse effects rate in the sarecycline groups were similar to placebo with nausea being the most common treatment-related adverse effects. Vertigo, dizziness and photosensitivity was noted, but only occurred in less than 1% of patients in the sarecycline treatment groups. Incidence of adverse events, which includes nausea (4.1% in placebo group and 3.3% in pooled sarecycline group), was similar across all sarecycline groups and the placebo group. Of note, patients reported no adverse events of tinnitus, urticaria, pseudotumor cerebri or vulvovaginal candidiasis [23] .
Moore et al. [25] evaluated the efficacy and safety profiles of sarecycline in two identically designed, multicenter, double-blind, Phase III studies, with SC1401 conducted at 56 centers and SC1402 conducted at 54 centers. In these pivotal Phase III studies, 2002 patients between the ages of 9 and 45 years of age with moderate-to-severeacne vulgaris were enrolled to evaluate the safety and efficacy of once daily sarecycline at 1.5 mg/kg for 12 weeks. Patients were randomized 1:1 to receive sarecycline at 1.5 mg/kg or placebo and assessed at baseline, 3, 6, 9 and 12 weeks. Co-primary endpoints of efficacy included both lesion counts (mean absolute and percentage reduction in facial inflammatory lesions) and Investigator's Global Assessment (IGA) analysis at week 12. IGA success was defined as ≥2-point improvement from the subject's baseline IGA score AND score of 0 (clear) or 1 (almost clear) at week 12. Secondary endpoints of efficacy included mean absolute and percentage reduction of facial inflammatory lesions at week 3, 6, and 9 as well as non-facial IGA (chest, neck and back). Although truncal acne is not typically evaluated as part of an acne pivotal study, chest and back acne were evaluated at baseline, 3, 6, 9 and 12 weeks as part of the pivotal trials 1401 and 1402. Any patient with an IGA of 2 or above for chest or back were included in the assessment. Lesion count reductions were not examined in truncal acne in these trials (study report CSRs for SC1401 and SC1402) [25] .
For the washout period, subjects who agreed to participate in the study but who were currently receiving acne therapy with a prohibited medication then entered an appropriate washout period before beginning the screening procedures. Washout periods varied depending on the excluded medications: Any systemic retinoid(s) and/or systemic corticosteroid(s) were prohibited within 12 weeks prior to randomization; any topical retinoid(s), topical anti-inflammatory(ies) or topical corticosteroid(s), systemic antibiotic(s), and/or systemic acne treatment(s) were prohibited within 4 weeks prior to randomization; and any other topical acne treatments and/or medical facial cleanser were prohibited within 1 week prior to randomization.
Key exclusion criteria included:
• Pregnancy or lactation or planning pregnancy during the study period;
• Initiation of hormonal contraceptive use within 12 weeks prior to randomization or any plan to initiate or switch hormonal contraceptive products during the study period; • Any disorder causing hyperandrogenism including polycystic ovary syndrome, adrenal or ovarian tumors, Cushing's disease, or congenital adrenal hyperplasia; • Any dermatological condition of the face that could interfere with the clinical evaluations;
• Any history of any of the following: allergy to tetracycline-class antibiotics or to any ingredient in the study treatment, pseudomembranous colitis or antibiotic-associated colitis; • Any treatment for any type of cancer within the 6 months prior to participation in the study;
• Any known resistance to other tetracyclines; • Any significant intercurrent illness (including clinically significant abnormality in clinical laboratory tests, psychiatric disposition or other factors) that, in the opinion of the investigator or medical monitor, precluded participation in the study.
The two pivotal studies showed consistency in age, with mean age of 19.8, 19.7, 19.7 and 20.3, respectively ( Table 1) . With approximately half adults and half pediatric subjects in SC 1401 and in SC 1402, pediatric subjects were between the ages of 9 and 11 in 1.2, 0.8, 0.8 and 1.4% in the four groups, respectively (Table 1) . Both SC1401 and SC1402 had a representative number of skin of color patients, with 78.1% Caucasian, 16.6% African-American, 2.3% Asian, 2.3% 'mixed race', and 0.9% 'other' enrolled in SC1401. Demographics in SC1402 included 78.4% Caucasian, 12.7% African-American, 4.4% Asian, 2.3% 'mixed race', and 1.7% 'other' (Table 1) . Ethnicity was also consistent, with 29.8 and 25.2% Hispanic in SC1401 and SC1402, respectively (Table 1) . Slightly more females than males participated in both SC1401 and SC1402 ( Table 1) .
Most of the patients (85%) in SC1401 and SC1402 had moderate facial acne, and a good number of severe facial acne subjects (15%) were included ( Table 2 ). The mean number of facial inflammatory lesions was 30 in SC1401 as well as SC1402 ( Table 2 ). Severity of chest IGA >2 and back IGA >2 was measured at baseline, week 6, 9 and 12. Mean IGA for the chest was 1.2 and 1.4 while mean IGA for the back was 1.6 and 1.8 in SC1401 and SC1402, respectively ( Table 2 ). Baseline IGA >2 on the chest was 39%, while baseline IGA >2 on the back was 56% and 63% in SC1401 and SC1402, respectively ( Table 2 ). Safety monitoring included serum laboratory monitoring, vital signs, electrocardiograms and physical examinations, and was performed at each visit. Subjects were permitted to use topical sunscreen daily but this was not provided for the subjects. 
Efficacy & safety profiles
To be considered an IGA success per FDA guidelines, subjects needed to have improved to a rating score of clear (IGA = 0) or almost clear (IGA = 1) and have achieved a 2-point improvement in IGA. In Phase III studies, IGA success rate was significantly greater in the sarecycline group in comparison with placebo group at week 6 in study SC1402 and week 9 in study SC1402. At week 12 in the SC1401 study, 21.9% of the sarecycline group versus 10.5% of the placebo group achieved IGA success (p < 0.0001; Figure 1 ). Study SC1402 showed 22.6% of the sarecycline group versus 15.3% of placebo group (p = 0.0038) achieved IGA success (Figure 1) . The mean percent reduction in facial inflammatory lesion count from baseline was statistically significant between sarecycline and placebo, respectively, at all time points, at week 3 (-29.6 vs -22.4%; p = 0.0003), week 6 (-42.2 vs -28.9%; p < 0.0001), week 9 (-47.4 vs -34.9%; p < 0.0001) and week 12 (-51.8 vs -35.1%; p < 0.0001) for SC1401 (Figure 1) . Similarly, the mean percent reduction in facial inflammatory lesion count from baseline was statistically significant between sarecycline and placebo, respectively, at all time points, at week 3 (-28 vs -18.6%; p < 0.0001), week 6 (-39.1 vs -27.3%; p < 0.0001), week 9 (-44.5 vs -31.9%; p < 0.0001) and week 12 (-49.9 vs -35.4%; p < 0.0001) for SC1402 (Figure 1) . In a post-hoc analysis, the onset of efficacy for absolute reduction of noninflammatory lesion count occurred at week 6 in SC1401 (p ≤ 0.0371) and week 9 in SC1402 (p ≤ 0.0095) [23,25, Almirall Llc E, 2016, unpublished data].
The same IGA scale was used for the chest and back assessments as for facial acne. For the chest and back acne, statistically significant improvements in IGA score deemed to be clear (0) or almost clear (1) on a IGA assessment week 12, with >2-point improvement from baseline score, was seen at week 12 in the chest in SC1401 (-29.5 vs -19.6%; p < 0.05) and SC1402 (-36.6 vs -21.6%; p < 0.001) and in the back in SC1401 (-32.9 vs -17.1%; p < 0.001) and SC1402 (-33.2 vs -25.7%; p < 0.05). The most common adverse events noted were nausea (4.6% sarecycline vs 2.5% placebo), nasopharyngitis (3.1 and 1.7%), headache (2.7% in both sarecycline and placebo groups) and vomiting (2.1 and 1.4%) in SC1401 and SC1402 ( Table 3) .
Because of the known adverse events associated with antibiotics in the tetracycline family of antibiotics, selected TEAEs were of special interest. These included sunburn, urticarial, vulvovaginal mycotic infections or candidiasis, nausea, vomiting, diarrhea, esophagitis, dizziness, tinnitus, vertigo and pseudotumor cerebri ( Table 4 ). A slight increase was noted in vulvovaginal candidiasis and vulvovaginal mycotic infections in the sarecycline group versus placebo subjects (1.1% and 0.7% in SC1401 and 0.3% and 1.0% in group SC1402; Table 4 ). Similarly, an increase was noted in nausea in subjects in the sarecycline versus placebo groups, respectively, in SC1401 (4.6% vs 2.5%) and SC1402 (1.9% vs 1.0%; Table 4 ). A few cases of sunburn were noted in the sarecycline subjects versus placebo subjects (0.6% and 0.4% in SC1401 and 0.2% and 0.2% in SC1402; Table 4 ) and 1 case of photosensitivity was noted in the sarecycline group in SC1402. No increase in TEAEs were noted with sarecycline in vomiting, diarrhea, esophagitis, dizziness, tinnitus, vertigo and pseudotumor cerebri. future science group www.futuremedicine.com Table 4 . Treatment-emergent adverse events of special interest for tetracyclines in Phase III sarecycline studies. Data taken from [24, 25] .
Future perspective
As American Academy of Dermatology desires for physicians to be mindful of choosing antibiotics for patients, physicians need to be aware of the negative implications for bacterial resistance as well as effects of medication side effects including effects on human microbiota [20] . Doxycycline and minocycline exhibit a broader antibacterial activity spectrum, which may result in overgrowth of tetracycline-resistant organisms such as Candida albicans [26] [27] [28] . The broad antibacterial spectrum can also negatively impact the human intestinal microbiota with potential impact on health [29] [30] [31] . Therefore, strategies to minimize negative effects of antibiotic usage are necessary. Sarecycline's narrow antibacterial spectrum may possibly result in reduced dysbiosis of gut and vaginal flora, which can reduce adverse effects such as diarrhea or vulvovaginal candidiasis. Moreover, sarecycline has shown low potential for inducing bacterial resistance [20] . Side-effect profiles need to be carefully considered when choosing an antibiotic for patients. Older tetracyclineclass antibiotics were linked to staining of permanent teeth in children under the age of 8 years, which was first described in 1959 [32] . Previous studies showed variability in teeth staining from 23 to 92% in children who received a tetracycline during odontogenesis [32] [33] [34] [35] [36] [37] . Therefore, FDA contraindicated use of tetracyclines in children due to concern for dental staining [37] . However, newer class tetracyclines, such as doxycycline, have lower calciumbinding capacity in comparison with older tetracyclines [37] . Multiple studies have been published showing that use of doxycycline before 8 years of age show no sign of permanent teeth staining [37] [38] [39] . The period of odontogenosis ends at 8 years of age, and no evidence of teeth staining was found in the clinical trials with sarecycline in subjects as young as 9 years of age; therefore, sarecycline has received approval for acne in patients 9 years of age and older [23, 39] . Sarecycline is a viable treatment modality for younger children, especially since acne is presenting at earlier years of age, even in prepubertal children [1, 40, 41] .
Sarecycline has significant effects on inflammatory lesions, but it was also noted to show statistically significant effect on noninflammatory acneiform lesions at certain time points [25] . Further investigation needs to be done on the exact effect of sarecycline on noninflammatory lesions. However, a possible theory is that during early stages of comedone development, sarecycline possibly has an anti-inflammatory effects on early inflammatory pathways [6, 42] .
Sarecycline has potent Gram-positive activity while exhibiting minimal activity against enteric aerobic Gramnegative bacteria, also demonstrating efficacy in tissue-based models of infection and effective anti-inflammatory activity, which supports its use as a novel treatment for acne that is FDA approved for acne at 1.5 mg/kg/day orally in patients aged 9 and older as a once daily antibiotic with statistically significant improvement seen as early as week 3. relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict with the subject matter or materials discussed in the manuscript apart from those disclosed.
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This work is licensed under the Attribution-NonCommercial-NoDerivatives 4.0 Unported License. To view a copy of this license, visit http://creativecommons.org/licenses/by-nc-nd/4.0/ Executive summary • Sarecycline is a novel, narrow-spectrum, once-daily tetracycline-derived oral antibiotic that is FDA-approved in the US in 2018 for moderate-to-severe acne vulgaris for ages 9 years of age and older. • It can be taken with or without food.
• Increased patient compliance with once daily weight-based dosing.
• Decrease in inflammatory lesion count as early as week 3.
• Decrease in chest and back acne by week 12.
• Possesses anti-inflammatory properties and potent activity against Gram-positive bacteria.
• Well tolerated with a favorable safety profile. No reports of phototoxicity, dizziness, pseudotumor cerebri or lupus but 1.2% nausea and 1.2% vaginal candidiasis in pivotal Phase III studies.
